Introduction
Carbon nanotubes (CNTs) had demonstrated a wealth of exceptional electrical, mechanical and thermal properties, which have made them useful for potential 2 applications ranging from nanoelectronics to biomedical devices [1] . CNTs modified with functional organic molecules have proved to be useful as an active material for light -emitting diodes [2] , field -effect transistors [3] , photovoltaic devices [4] , supercapacitors, sensors, and solar cells and displays [5 -7] .
As planar molecules, small oxadiazole molecules have been successfully used as electron -injection material to improve balance of charge injections and to increase photo -electron quantum efficiency, resulting from high electron affinity of oxadiazole rings, such as 2 -(4 -biphenyl) -5 -(4 -tert -butylphenyl) -1, 3, 4 -oxadiazole and its analogues, which made them prime candidates for applications in electronic and optical devices [2, 3, 8 -10] . However, the thin films fabricated by 3 using these materials easily crystallized and chapped, which directly influenced charge injections for all kinds of devices [4] .
Because soluble CNTs modified with organic molecules can be applied in many fields, noncovalent and covalent modifications of CNTs with organic molecules or biomolecules are usually used to improve their dispersion and orientation in aqueous solutions, a considerable effort had recently been focused on functionalization reactions for CNTs in fundamental and applied research areas. On the one hand, CNTs based materials can be achieved by non -covalent interactions, this included surfactant modification, polymer wrapping, and polymer absorption (e.g., π -stacking interactions). K. K. Kim demonstrated that a well -designed 4 thiophene oligomer could afford well -dispersed single -walled carbon nanotubes (SWCNTs) solution with long -term dispersion stability, because the thiophene head group is expected to strongly adsorb onto CNTs surface as a result of its strong electronegativity [11] . Pyrene derivatives can be adsorbed onto surface of CNTs via π -stacking [6, 7] . Sainz et al showed that MWCNTs covered with polyaniline via acidbase reaction between emeraldine and MWCNTs [1] . J. Li report that prussian blue nanoparticles were grafted on MWCNTs wrapped with poly (4 -vinylpyridine) (PVP), the composite films of MWCNTs / PVP / PB showed prominent electrocatalytic activity toward the reduction of hydrogen peroxide [12] . Some porphyrin derivatives were found to adsorb on sidewalls of SWCNTs presumably via Van der Waals attraction between the CNTs and porphyrin [13 -21] . On the other hand, CNTs 5 covalently modified with organic chromophore was also an effective approach to a combination of conjugated organic molecule with CNTs. A naphthalimide chromophores covalently bonded to sidewall of SWCNTs resulted in considerable change in absorption and luminescence spectra. A photoexcited pyrene -tethered SWCNTs can quench effectively via efficient intramolecular energy transfer [22, 23] .
SWCNTs attached with porphyrin molecules may serve as a sensitive fluorescent probe [16] . SWCNTs covalently functionalized with ferrocene species suggested intramolecular electron transfer [24] . MWCNTs modified with a ruthenium complex could be essential in sensing applications through electrochemical monitoring of the change in redox potential or in transistor applications through switching of the contact between MWCNTs [25] . D. Blond et al showed that poly(methyl methacrylate) 6 (PMMA) -functionalized MWCNTs can be prepared by in situ polymerization, This can result in covalent attachment of MWCNTs to PMMA Consequently, better dispersion and the formation of a strong interface between the MWCNTs and PMMA was achieved [26] .
In this study, we reported our findings that MWCNTs modified with oxadiazole 
Materials
The raw MWCNTs used in the present study was purchased from Shenzhen Nanotech Port Co. Ltd., and carboxylic acid groups not only on surfaces of MWCNTs but also tube ends were introduced by mixed acid treatment according to a method already described [27] . MWCNTs was oxidized in a mixture solution of H 2 SO 4 and HNO 3 (volume ratio 3:1) for 40 min in reflux. After this treatment, the product was filtered by using polytetrafluoroethylene membrane with a pore diameter of 0.22 m μ , the resulting solid was thoroughly washed with deionized water. The APND, which was ruddiness powder and soluble in many solvents, such as chloroform, methylene chloride, and THF etc, was prepared according to procedures reported in the literature 8 [28] . All of other chemical reagents used in our experiments were analytical pure.
Modification of MWCNTs with APND
A representative experimental procedure for MWCNTs modified with APND was described as follows. To 100 mL round bottom flask equipped with a magnetic stirring bar, oxidized MWCNTs (30 mg), and 1, 3 -dicyclohexyl carbodiimide (DCC, 700 mg) were charged, followed by adding anhydrous N, N -dimethylformamide (DMF, 40 ml). Above mixture was dispersed ultrasonically at room temperature for 10 min, and then APND (200 mg) was added. The reaction was allowed to proceed with refluxing for 48 h under nitrogen gas. The resulting mixture was filtered by using polytetrafluoroethylene membrane with a pore diameter of 0.22µm, and washed 9 thoroughly with deionzed water.
Multifinger electrode coating
Measured electrical properties were carried out by using coplanar interdigitated copper electrodes (width: 30µm, length: 200µm) on silicon substrates [29] . The APND, MWCNTs and MWCNTs -APND were dispersed in DMF. The thin films of APND, MWCNTs and MWCNTs -APND were prepared by spin coating on interdigitated copper electrodes, and dried under vacuum at 75 0 C.
Characterization
In our experiments, FT IR spectra were obtained on Perkin -Elmer System 2000 10 spectrophotometer.
1 H NMR spectra were characterized on VANCE DSX -500 spectrometer (500 MHz, d 6 the sidewalls of MWCNTs were also strongly oxidized so that the -conjugation π 16 along the sidewalls of MWCNTs could be vastly destroyed. This showed that abundant carboxylic groups were introduced not only at the tube ends but also on sidewalls of MWCNTs [27] . The section image showed that the MWCNTs -APND can be fabricated into uniform and dense membranes (Fig. 4 b) , which implied that MWCNTs modified with APND was strongly attracted each other due to APND attached to sidewalls of MWCNTs (Fig. 4 c) . To further confirm the identity of SEM images, we carried out the XRD analysis of MWCNTs, MWCNTs -APND, and APND. As shown in Fig. 5 MWCNTs and APND to form a highly regulated aggregate structure, because head groups containing sulfur, fluorine, or nitrogen atoms played an important role in determining interactions with sidewalls of CNTs [11] . The conjugated planes of APND were most likely extended on the surfaces of MWCNTs owing to -stacking so that π the conjugated structure of APND turned to finer [27] . (Fig. 8c) , which was likely relative to a drastic change in molecular electronic states due to the reaction of MWCNTs with APND via -stacking, as mentioned in above optical properties. π
The resulting I -T plot, as shown in Fig. 8d , indicated that current increased with increasing film thicknesses of MWCNTs -APND deposited on multifinger electrodes within orders magnitude of milliampere. The result can be rationalized by considering 29 that an electron hopping occurred through APND from a nanotube to an adjacent one, a moiety of APND should control electron injection or transport between interfaces of MWCNTs. Moreover, the nonlinear property of MWCNTs -APND was dominated by MWCNTs intrinsic nature.
Conclusions
The MWCNTs modified with APND through amide linkage was successfully functionalized via π -stacking of APND on the sidewall. The red -shift in absorption spectra and the narrow in emission spectra were discussed in terms of π -stacking between APND and MWCNTs. The enhanced conductance and nonlinear property of MWCNTs -APND were explained tentatively by π electron injection and transport, 30 and changed molecular electron states at the interface of MWCNTs -APND. Thus, because of its high electron transport, and emission properties, it may be possible to exploit MWCNTs -APND as a novel class of optical and electrical materials, such as light -emitting diodes, field -effect transistors, and photovoltaic devices. 
